While recombination is widely recognized to be a key modulator of numerous evolutionary 3 phenomena, we have a poor understanding of how recombination rate itself varies and evolves 4 within a species. Here, we performed a comprehensive study of recombination rate (rate of 5 meiotic crossing over) in two natural populations of Drosophila pseudoobscura from Utah and 6 Arizona, USA. We used an amplicon sequencing approach to obtain high-quality genotypes in 7 approximately 8000 individual backcrossed offspring (17 mapping populations with roughly 530 8 individuals each), for which we then quantified crossovers. Interestingly, variation in 9 recombination rate within and between populations largely manifested as differences in 10 genome-wide recombination rate rather than remodeling of the local recombination landscape.
Introduction 24
Meiotic recombination is the exchange of genetic material between homologous chromosome 25 that occurs during meiosis. This exchange takes two forms, crossing over and non-crossover 26 gene conversion, both of which are initiated by the formation of a double-strand break during 27 meiosis. Recombination, particularly crossing over, appears to be an important mediator of 28 chromosome pairing during meiosis, with most species exhibiting an average of one crossover 29 per chromosome arm (Dapper & Payseur, 2017; Hughes et al., 2018) . 30 31 under scenarios in which adaptive combinations of alleles are at risk of being broken apart, such 48 as under maladaptive gene flow (Kirkpatrick & Barton, 2006) . Reduction/suppression also 49 appears to have important consequences for the evolution of reproductive isolation (Noor et al., 50 2001; Kirkpatrick & Barton, 2006) and patterns of introgression and divergence in the genome 51 (Samuk et al., 2017; Schumer et al., 2018; Martin et al., 2019) . 52 53 While there is a rich theoretical literature focused on the evolution of recombination rate, 54 empirical studies have lagged somewhat behind. One reason for this may be that recombination 55 rate is difficult to quantify directly -it generally requires the construction of a linkage map from 56 a genetic cross and/or cytological visualization of recombination-associated proteins (Kulathinal 57 et al., 2008; Dapper & Payseur, 2017; Wang & Payseur, 2017) . Recently, many studies have 58 attempted to overcome this difficulty by instead estimating a population genetic quantity 59 known as ⍴, the population scaled recombination rate (Stumpf & McVean, 2003) . This quantity is 60 the product of four times the effective population size ( ) and realized recombination rate 61 (sometimes denoted "c") (Wall, 2000) . The general approach to estimating ⍴ is to perform 62 coalescent simulations and fit a simulated value of ⍴ to observed patterns of linkage 63 disequilibrium (LD) (Auton & McVean, 2007; Gärtner & Futschik, 2016; Adrion et al., 2019) . 64 4 While this approach has proven successful at recapitulating many of the general features of the 65 recombination landscape in many species, it is not able to disentangle changes in or LD per 66 se (e.g. as a result of selection or demography) from changes in recombination rate (either locally 67 or genome-wide) (Nei & Li, 1973; Adrion et al., 2019) . Further, these methods are highly sensitive 68 to increases in LD that occur as a result of gene flow between populations (Nei & Li, 1973; 69 McVean, 2007; Cutter, 2019) . As such, LD-based methods are likely to be less appropriate for the 70 study of the evolution of recombination rate than direct estimates of recombination rate. 71 72 In spite of methodological difficulties, there has been a recent resurgence of interest in the 73 empirical study of the evolutionary causes and consequences of recombination rate (Dapper & 74 Payseur, 2017; Ritz et al., 2017; Stapley et al., 2017) . One key contributor to this resurgence has 75 been the democratization of high throughput genotyping, which has increased the tractability 76 of creating high density linkage maps in non-model species (e.g. using pedigreed populations or 77 gametic sequencing, (Hellsten et al., 2013; Johnston et al., 2016) . The increased availability of 78 such linkage maps has in turn led to a growing appreciation of the enormous diversity in 79 recombination rate that exists between taxa (Stapley et al., 2017 of modern sequencing and genetic map construction methods, along with the QST-FST approach. 129 The key questions we sought to answer were: To estimate variation in crossover rate in our inbred lines, we created backcross-like mapping 194 populations (crossing scheme shown in Figure 1 ). We crossed groups of 3-5 males from each 195 isoline to single virgin females from the D. pseudoobscura reference genome isoline 196 provided by Dr. Steve Schaeffer). We then allowed the F1 offspring to develop, and collected 197 virgin females from the resulting offspring. Finally, we crossed these virgin F1 females to males 198 from a second fixed isoline, Flagstaff-14 (a highly inbred isoline from Flagstaff, AZ). This Taylor & Butler, 2017). Following the general recommendations from the documentation, these 296 two packages agnostically infer linkage group assignment, marker order, and genetic distances 297 between markers. Overall, there was high concordance in marker order between all the 298 individually-inferred maps ( Figure S1 , Figure S2 ). Individual recombination rate estimates 299 within each line were highly similar when using the reference genome marker order or 300 individually-inferred marker orders ( Figure S2 , Spearman rank correlation = 0.93, p < 2.2×10 -16 ). 301 We thus elected to use the reference genome marker order for all subsequent analyses. To test if differences in genome structure underlie local differences in recombination rate in our 384 inbred lines, we first identified structural variants (SVs) using two approaches. First, we used two genes (asp and mei-41) were significantly associated with crossover rate (FDR adjusted p-492 value < 0.05, Figure 5A ). Homozygous, non-reference, nonsynonymous changes at these three 493 sites were variously associated with a 5%-7% differences in recombination between lines (Figure   494   5B ). There was, however, strong LD (r 2 > 0.8) between these alleles (e.g. lines with the lowest 495 averaged crossover rates shared genotypic states for all three genes), and thus disentangling 496 their independent effects on recombination rate was not possible. of the various classes of structural variant they identified ( Figure S3 ). That said, all three 510 methods suggested that the most common form of structural variation are small to mid-sized 511 INDELs, with larger deletions, insertions, and duplications being much rarer ( Figure S2A ).
512
Consistent with the observation that AFC and MC are highly similar in their chromosomal 513 arrangements, our structural variant analysis found no evidence of large-scale chromosomal 514 inversions differentiating any of the lines. 515 Structural variation between lines did not co-vary with recombination rate ( Figure 6 ). 516 First, there was no relationship between recombination rate and the estimated percent sequence 517 homology between the tester and inbred lines ( Figure 6B , likelihood ratio test comparison of 518 GLMMs, likelihood ratio test comparison of GLMMs = 2.9533, df = 3, p = 0.3989). Second, 519 there was no relationship between recombination rate and the count of differences in structural 520 variation between each inbred line and the tester line ( Figure 6A , likelihood ratio test 521 comparison of GLMMs = 1.1637, df = 3, p = 0.7617). This result was consistent across all 522 methods used to identify structural variation (likelihood ratio tests, comparison of GLMMs with 523 and without method by count/homology interaction effects, all p > 0.3). As such, at the 300kb 524 scale, there is no evidence that the local differences in recombination rate among inbred lines 525 are a result of differences in homology or local genome structure. Recombination rate is a key modulator of many evolutionary processes, yet we have a poor 537 understanding of how recombination rate itself evolves. Here, we studied how recombination 538 rate varies using strains from two natural populations of D. pseudoobscura from Madera Canyon, 539 22 AZ and American Fork Canyon, UT. We directly measured recombination rate in a total of 18 540 inbred lines from these populations and found substantial variation for recombination rate both 541 within and between populations. Interestingly, the population from Madera Canyon, AZ 542 exhibited an ~8% lower recombination rate on average than the population from American Fork 543 Canyon, UT. Within and between-population variation in recombination rate manifested largely 544 as differences in genome-wide recombination rate, rather than changes in the local 545 recombination landscape. This finding is supported by a general pattern of covariation in 546 recombination rate among chromosomes within lines. While differences in recombination rates 547 between populations were modest in absolute terms, a QST-FST analysis revealed that this 548 difference vastly exceeds phenotypic divergence expected under neutral drift. This result is 549 consistent with the hypothesis that local adaptation has driven differences in recombination 550 rate between these populations. 551 We explored two possible mechanisms underlying recombination rate differences 552 between lines. First, we found evidence that some differences in recombination rate between
